Twenty-four lambs, averaging 29 kg, were used to determine the effect of supplemental dietary Fe on performance and Cu, P, Zn and Mn utilization. Treatments consisted of supplemental Fe at 0, 300, 600 or 1,200 mg/kg diet as ferrous carbonate. The basal diet contained 154 mg Fe/kg diet and consisted of 90% Coastal bermudagrass pellets, 9.45% ground corn, .5% sodium chloride and .05% vitamin mix. Lambs were slaughtered after having ad libitum access to diets for 98 to 121 d. Dietary Fe did not affect lamb gain or feed intake. Supplemental Fe increased Fe concentrations in liver (P < .01), spleen (P < .01) and bone (P < .10), but not in kidney and muscle. Serum Fe concentrations and percentage transferrin saturation in serum were increased (P < .01) by supplemental Fe at 28 and 84 d, but not at the termination of the study. Plasma Cu was decreased (P < .01) at 56 d, whereas serum ceruloplasmin activity was reduced (P < .01) at 28 d in lambs fed 1,200 mg Fe/kg diet compared with lambs fed 600 mg Fe/kg diet. Lower levels of Fe (300 and 600) reduced (P < .01) ceruloplasmin by 56 d and plasma Cu by 84 d compared with controls. Liver Cu also was decreased (P < .05) by supplemental Fe. Plasma P was decreased slightly (P < .10) by 28 d and significantly (P < .01) at the other sampling dates by supplemental Fe. However, the decrease in plasma P due to Fe was relatively small, and bone P was not affected by treatment. Zinc status was not affected by dietary Fe based on plasma Zn, serum alkaline phosphatase activity and tissue Zn concentrations. Tissue concentrations of Mn also were not affected by treatment. Results indicate that Fe concentrations frequently present in forages will decrease Cu stores and Cu transport and storage proteins of lambs fed forage-based diets.
Introduction
Iron concentrations in forages vary greatly (Underwood, 1977) . Although there is little convincing evidence that dietary Fe deficiency ever occurs in ruminants grazing pasture (Underwood, 1977) , ruminants grazing pasture or being fed harvested silage or hay frequently may be exposed to excessive levels of Fe 1Paper No. 11363 of the Journal Series of the North Carolina Agric. Res. Serv., Raleigh, NC 27695-7601. Use of trade names in this publication does not imply endorsement by the North Carolina Agric. Res. Serv. nor criticism of similar products not mentioned.
2 Present address: Anita. Sci. Dept., Univ. of Florida, Gainesville 32611. a Dept. of Anim. Sci. * To whom reprint requests should be addressed. Received August 17, 1987 . Accepted March 4, 1988 through forage, water or soil ingestion (Coup and Campbell, 1964; Campbell et al., 1974; Humphries et al., 1983) . Excess dietary Fe can affect performance adversely in ruminants (Coup and Campbell, 1964; Standish et al., 1969; Koong et al., 1970; . High dietary Fe can affect utilization of other minerals such as Cu, P, Zn and Mn (Standish et al., 1969 Campbell et al., 1974; Humphries et al., 1983) . Studies evaluating high dietary Fe have been conducted with concentrate-based diets; however, detrimental effects of excessive Fe intake are most likely to occur in ruminants consuming forages. Furthermore, associated increases in S intake, arising from the use of ferrous sulfate as the source of Fe in many studies (Standish et al., 1969 , may have contributed to the reduced Cu 2028 J. Anim. Sci. 1988 Sci. .66:2028 Sci. --2035 status observed (Suttle, 1974) . Supplemental Fe from sources used in most previous studies (ferrous sulfate and ferric citrate) probably had a higher availability than Fe present in forages. Based on hemoglobin generation in anemic rats, Fe from a number of different grasses and legumes was 47 to 63% as available as Fe from ferric chloride Thompson and Raven, 1959) . Iron from ferrous carbonate generally is considered to be of lower availability than Fe in ferrous sulfate, ferric citrate or ferric chloride (Ammerman and Miller, 1972) and should more closely simulate availability of Fe from forages. Our study was conducted to determine the effect of dietary Fe as ferrous carbonate on performance and Cu, P, Zn and Mn utilization in growing iambs fed a forage-based diet.
Materials and Methods
Twenty-four Suffolk and Dorset wether lambs, averaging 29 kg, were blocked according to weight and breed and randomly assigned within a block to treatments. All lambs were from a common flock and were fed similarly before the study. Treatments were supplemental Fe at 0, 300, 600 and 1,200 mg/kg of diet as ferrous carbonate. The ferrous carbonate s used was derived from essentially pure lenses of siderate (AFMA, 1980) ; Fe from this source has been shown to be 80 to 85% as available as Fe in ferrous sulfate (Poitevint, 1979) . The ingredient and chemical composition of the basal diet is shown in Table 1 . The basal diet contained 154 mg Fe/kg. Two blocks (two lambs/ treatment) of small lambs were fed 70% pellets and 29.45% ground corn for the first 40 d then switched to the diet shown in Table 1 .
Lambs were housed individually in 1.52-m x 1.52-m plastic pens with plastic-coated slotted floors. Feed and water were provided in ad libitum amounts throughout the study, with feed intakes recorded daily. Body weights and blood samples were taken at the initiation, at 28-d intervals thereafter and at the termination of the study. Blood samples, collected by jugular puncture into vacutainers with and without heparin, were immediately placed on ice and centrifuged to obtain plasma and serum.
SProvided by Eastern Minerals, Inc., Henderson, NC. At the termination of the study, lambs were killed by exsanguination. Samples were collected from a similar location of liver, spleen, kidney, muscle and bone (rib) in each animal. Plasma, serum and tissue samples were frozen and later subsampled for further preparation and analysis. The study ranged from 98 to 121 d in length, depending on the slaughter date for each block of lambs. The heavier block of lambs (one lamb/treatment) was slaughtered on d 98. Two blocks (two lambs/treatment) were slaughtered on d 114 and the remaining three blocks (three lambs/treatment) on d 121.
Tissue samples were prepared for mineral analysis by wet ashing with ultrapure nitric acid followed by hydrogen peroxide. Rib samples were prepared according to the procedure suggested by Fick et al. (1979) to obtain fat-free bone for mineral analysis. Plasma samples were analyzed for Cu, Zn and P; serum was analyzed for Fe, total Fe binding capacity (TIBC), percentage transferrin saturation, ceruloplasmin and alkaline phosphatase activity. Iron, Cu, Zn and Mn were determined by atomic absorption spectrophotometry 6. Molybdenum in feed samples was determined by electrothermal atomic absorption spectrophotometry 7 (Neuman and Munshower, 1981) . Total Fe binding capacity and percentage transferrin saturation were determined using the procedure described by Perkin-Elmer Corp. (1982) . Phosphorus was determined by the procedure of Fiske and Subbarow (1925) . Ceruloplasmin activity was assayed colorimetrically with paraphenylenediamine as the substrate (Houchin, 1958) and was expressed as change in absorbance per 30 min. Alkaline phosphatase activity was determined using the method described by Sigma Chemical Co. (1982) . Feed samples were analyzed for N (AOAC, 1975) and ADF (Goering and Van Soest, 1970) in addition to minerals.
Data were analyzed statistically by analysis of variance for a randomized complete block design, and differences between means were determined by single degree of freedom comparisons (SAS, 1982) . Comparisons made were: 1) control vs supplemental Fe, 2) 300 vs 600 mg supplemental Fe/kg diet and 3) 600 vs 1,200 mg Fe/kg diet. Data were also subjected to linear and quadratic response analyses using the GLM procedures (SAS, 1982) . Plasma and serum data were analyzed across sampling days as a split-plot design, with the model including block, treatment, treatment • block, day and treatment • day. The treatment x block interaction was used as the experimental error for testing treatment and block. When the treatment x sampling day interaction was significant, the sampling days also were analyzed individually.
R esu Its
Performance data are shown in Table 2 . Gain, feed intake and feed/gain were not affected by dietary Fe.
Serum Fe, TIBC and percentage transferrin saturation did not differ significantly between treatment groups at the termination of the study (Table 3) . However, a linear increase in serum Fe (P < .05) and percentage saturation (P < .10) was observed with increasing dietary Fe at 28 d. At 56 d, serum Fe concentrations and percentage transferrin saturation differed (P < .10) only between lambs fed 600 mg Fe/kg vs 1,200 mg Fe/kg diet. Lambs supplemented with Fe had higher (P < .01) serum Fe concentrations and percentage saturation than control lambs at 84 d, and differences in serum Fe also were noted between lambs supplemented with 600 vs 1,200 mg Fe/kg diet. Dietary Fe had littte effect on TIBC.
Plasma Cu, Zn and P concentrations are shown in Table 4 . In control lambs, plasma Cu was similar at all sampling dates. However, plasma Cu decreased with time in Fe supplemented lambs. By d 56, lambs fed the 1,200 mg Fe/kg diet had lower (P < .01) plasma Cu concentrations than lambs supplemented with 600 mg Fe/kg diet. Increasing dietary Fe resulted in a linear decrease (P < .05) in plasma Cu at 84 d and at the termination of the study. Dietary Fe treatment did not affect plasma Zn concentrations. Values shown for Zn are treatment means across sampling day because the treatment x sampling day interaction was not significant. Plasma P was slightly reduced (P < .10) by supplemental Fe at 28 d. At the later sampling dates, plasma P showed a linear decrease (P < .05) with increasing dietary Fe.
Serum ceruloplasmin and alkaline phosphatase activities are presented in Table 5 . Ceruloplasmin, a Cu metalloenzyme, was affected earlier by dietary Fe than plasma Cu. By d 28, ceruloplasmin was lower (P < .05) in lambs fed 1,200 mg Fe/kg compared with those supplemented with 600 mg Fe/kg diet. Lambs supplemented with Fe had lower (P < .01) ceruloplasmin activities than control lambs at 56 and 84 d and at the termination of the study. Ceruloplasmin showed a linear decrease to dietary iron at 56 d (P < .10), 84 d (P < .05) and on the final day (P < .01) of the study. Serum alkaline phosphatase, a Zn metalloenzyme, was not affected by dietary Fe treatment or a treatment • day interaction.
Supplemental Fe increased (P < .01) liver Fe concentrations, and lambs fed 600 mg Fe/kg had higher liver Fe concentrations than lambs supplemented with 300 mg Fe/kg diet (Table  6 ). Spleen Fe also was increased (P < .01) by supplemental Fe. Differences (P < .01) in spleen Fe were noted between lambs fed 300 vs 600 mg Fe/kg diet and also between those supplemented with 600 vs 1,200 mg Fe/kg diet. Dietary Fe did not affect kidney or muscle Fe concentrations. Liver Cu was reduced (P < .05) by supplemental Fe; lambs fed 1,200 mg Fe/kg diet had the lowest concentrations. Copper in other tissues examined was not affected by Table 7 . Supplemental Fe increased (P < .10) bone Fe concentrations slightly. Other bone minerals analyzed and total bone ash were not affected by Fe.
Discussion
The present study indicates that growing lambs can tolerate at least 1,200 mg Fe/kg diet as ferrous carbonate for over 100 d without reduced performance. These findings agree with a recent study (Humphries et al., 1983) in which growing heifers fed 800 mg Fe/kg diet as ferrous carbonate gained similarly to controls bpooled standard error of the mean, n --6. CA = control vs others, B = 300 vs 600 mg Fe/kg, C = 600 vs 1,2OO mg Fe/kg, L = linear.
tp < .10. *P < .05. **P < .01. A**B**C** avalues shown are least squares means.
bExpressed as tag/g DM.
Cpooled standard error of the mean, n = 6.
dA -~ control vs others, B = 300 vs 600 nag Fe/kg, C = 600 vs 1,200 mg Fe/kg. tp < .10. *P < .05. **P < .01. bDry, fat-free basis.
Cpooled standard error of the mean, n = 6. dA= control vs others.
+P < .10.
during a 224-d period. In a short-term (28-d) study, 1,000 mg Fe/kg diet as ferrous carbonate did not reduce performance of calves (McGuire et al., 1985) . However, 1,000 mg Fe/kg diet added as ferrous sulfate greatly reduced feed intake and gain in steers during a 77-d study (Standish et aI., 1971) . Ferric citrate supplemented at 2,500 mg Fe/kg diet reduced performance, whereas 2,000 mg Fe/kg diet did not significantly reduce performance in calves (Koong et al., 1970) . Serum Fe was not greatly increased by dietary Fe in the present study. Calves fed 800 mg Fe/kg diet as ferrous carbonate had higher plasma Fe concentrations than controls between d 28 and 84 of a 224-d study (Humphries et al., 1983) . Plasma Fe in blood samples obtained after 84 d in this study was not affected consistently by dietary Fe. In shortterm (18 to 28 d) studies, ferrous carbonate supplemented at 1,000 mg Fe/kg did not increase serum Fe in young calves relative to controls (Ho et al., 1984; McGuire et al., 1985) . Dietary Fe had little affect on TIBC of serum in the present study. In contrast, plasma from calves supplemented with 800 mg Fe/kg diet had a lower TIBC than controls after 140 d on experiment (Humphries et al., 1983) . Increases in percentage transferrin saturation due to Fe supplementation were observed in the current study, but the magnitude of the increases generally were smaller than those reported in calves fed 800 mg Fe/kg diet as ferrous carbonate (Humphries et al., 1983) .
The highest level of supplemental Fe evaluated resulted in a 30% increase in liver Fe and a 69% increase in spleen Fe. Much greater accumulation of Fe has been noted in steers and lambs fed high dietary Fe as ferrous sulfate or ferric citrate (Standish et al., 1969; . The larger accumulation of Fe observed in those studies probably reflects the higher availability of Fe from ferrous sulfate and ferric citrate relative to ferrous carbonate (Ammerman and Miller, 1972; McGuire et al., 1985) . Little is known concerning the availability of Fe in forages. Much of the Fe consumed by ruminants can result from soil ingestion during grazing or soil contamination of harvested silage or hay. Based on in vitro studies by Healy (1972) , a sizeable portion of the Fe present in soil may be solubilized in the digestive tract of ruminants and therefore may be available for absorption or to interact with other minerals.
Results of our study indicate that levels of Fe frequently present in forages may reduce Cu utilization. Indices of Cu status including plasma Cu, serum ceruloplasmin and liver Cu all were decreased by Fe. Although liver and plasma Cu were lower in Fe supplemented lambs, mean liver and plasma Cu concentrations were not reduced by the end of the study to a level considered indicative of Cu deficiency (Underwood, 1981) . This suggests that lambs had high Cu stores in liver initially, because the basal diet should have been marginally deficient in Cu (4.0 mg/kg). The Cu metalloenzyme, superoxide dismutase, was not reduced in liver, lung or spleen of lambs fed high Fe (Reffett et al., 1986) , indicating that Cu status was not decreased to the degree required to limit activity of this enzyme. suggested that the reduced plasma Cu in lambs fed ferrous sulfate was due to sulfate, because ferric citrate did not cause a similar response either in their study or in calves (Koong et al., 1970) . It has been suggested also that the Fe x Cu interaction in ruminants is potentiated by the presence of sulfide and the formation of FeS in the rumen (Suttle et al., 1984; Mills, 1985) . Our study and previous studies with cattle dosed orally with ferric hydroxide (Campbell et al., 1974) and calves fed ferrous carbonate (Humphries et al., 1983; Humphries et al., 1985) indicate that high dietary Fe can reduce Cu status without concomitant increases in dietary S. This does not necessarily imply that a critical level of dietary S or ruminal sulfide is not required for Fe to adversely affect Cu utilization, because the diets used in these studies may have contained enough S to potentiate this interaction.
High dietary Fe consistently reduced plasma P concentrations. This is in agreement with results obtained in cattle fed ferric citrate (Koong et al., 1970) and ferrous sulfate . However, changes in plasma P due to Fe were small and probably of minor biological importance because plasma P remained in the normal range (Underwood, 1981) . The slight decrease in plasma P in lambs supplemented with Fe also did not result in decreased bone P or total bone ash.
Iron did not affect plasma Zn, serum alkaline phosphatase activity or tissue Zn concentrations. In contrast 1,000 or 1,600 mg Fe/kg diet as ferrous sulfate reduced liver Zn in steers (Standish et al., 1969; .
In conclusion, the addition of up to 1,200 
